A new, accurate set of electron impact collisional data is presented, relating to all electric dipole finestructure transitions between the ground 3s 2 3p 3 and the first two excited 3s 3p 4 , 3s 2 3p 2 3d configurations in Fe xii (Fe 11+ ). Theoretical energies have been obtained with a multi-configuration atomic structure calculation. The Rmatrix method, coupled with the Coulomb-Bethe (CBe) approximation for the high partial wave contributions to the collision strengths, has been employed in the Fe 11+ − e − scattering problem. The data presented in this paper form part of the IRON Project effort to provide the most accurate atomic data available to date for all the iron ions (Hummer et al. 1993) .
Introduction
Bright resonance lines due to strong electric dipole transitions in Fe xii have been identified in solar spectra since the early days of UV rocket and space observations. The sensitivity to electron density of line ratios involving these resonance lines (Kastner & Mason 1978; Withbroe & Raymond 1984) has proved to be a powerful diagnostic technique for investigating the physical conditions in the solar corona. The Fe xii ion is expected to attain peak abundance at log T e = 6.15 in conditions of ionisation equilibrium (Arnauld & Raymond 1992) . The most recent Solar Heliospheric Observatory (SOHO) observations Send offprint requests to: A. Binello Tables 1 to 9 are also available in electronic form at the CDS via ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/Abstract.html have provided a wealth of fascinating images and spectral data in the strongest Fe xii optically allowed lines such as at 195Å (EIT -Extreme ultraviolet Imaging Telescope) and at 364.5Å (CDS -Coronal Diagnostic Spectrometer, Mason et al. 1997) . Electric dipole transitions also play a key role in determining the relative populations of the excited levels of the ground configuration through collisional excitation and radiative cascade. This occurs because their excitation rates are considerably greater than the corresponding quantities relative to the forbidden transitions. The ratios of forbidden lines within the ground configuration of Fe xii are important for diagnostic purposes (Feldman et al. 1983 ). Past calculations of Fe xii electric dipole atomic data include those of Flower (1977) (henceforward referred to as F77), Bromage et al. (1978) ; Fawcett (1986) and Tayal & Henry (1986) , as far as structure and radiative data is concerned. Electron collisional data have been published by F77 and Tayal & Henry (1988) (henceforward referred to as TH88). In a previous paper in the IRON Project series 1 (Binello et al. 1998 , henceforward referred to as BMS) we presented atomic data for the forbidden transitions within the ground configuration of Fe xii and discussed the lim-1 A complete list of IRON Project publications and papers in press can be found at http://www.am.qub.ac.uk itations of a previous corresponding calculation by Tayal et al. (1987) . In this paper we want to complement those results by presenting new electron scattering data for electric dipole fine-structure transitions between the ground 3s 2 3p 3 and the first two excited 3s 3p 4 , 3s 2 3p 2 3d configurations in Fe xii. A schematic diagram of the relative position in energy of these three configurations is shown in Fig. 1 . As the techniques employed in the atomic structure and electron scattering problems, and the computer codes used, have already been described in BMS, in the following sections we will discuss only the details related to the particular type of transitions considered here. In Sect. 2 an account of the electron scattering computation and related results will be given. A detailed comparison with previous results will be the subject of Sect. 3. Finally, discussion and conclusions will be presented in Sect. 4.
The Fe
11+ − e , scattering problem
19 term R-matrix computation
The R-matrix technique, implemented in the Queen's University Belfast R-matrix suite of programs (Berrington et al. 1995) , has been used for the computation of the low partial wave contributions to the total collision strengths
being the partial collision strength for transition i → j, with l the orbital angular momentum of the scattered electron. For the calculation of collision strengths for electric dipole transitions within the R-matrix approach we included contributions coming from partial waves as high as l max = 16, such that
This will be shown to be a proper choice in order to ensure convergence between the low l R-matrix results and the high l Coulomb-Bethe (CBe) ones (see Table 2 . Intermediate states (S L π) included in the expansion of the (N + 1) − e collision complex wavefunction even parity odd parity (2SN+1 + 1) = 1, 3 (2 SN+1 + 1) = 5 (2SN+1 + 1) = 1, 3 Table 1 we list all the fine-structure levels belonging to the 3s 2 3p 3 , 3s 3p 4 , 3s 2 3p 2 3d configurations along with the relative observed energy values, taken from Corliss & Sugar (1982) and Jupen et al. (1993) . Italic type in the column listing the observed energies indicates that experimental values are not yet available for those levels. In these cases theoretical energies computed with the atomic structure program SUPERSTRUCTURE (Eissner et al. 1974; Nussbaumer & Storey 1978) were empirically corrected with the procedure described in BMS. The theoretical energies listed in Table 1 have been obtained with a 24 configuration atomic model including those configurations with one electron in 4s, 4p, 4d and 4f orbitals of spectroscopic type (set 3 in BMS). The energies for the 19 target LS coupling terms listed above were obtained as weighted averages over the fine-structure observed energies given in Table 1 and were listed in Table 5 of BMS. The 19 target terms were represented by configuration interaction (CI) expansions constructed with a common set of radial waves, describing the radial charge distribution of the 1s, 2s, 2p, 3s, 3p and 3d bound electrons. These radial functions were obtained with SUPERSTRUCTURE adopting the 12 configuration basis described in BMS. A total of 16 continuum orbitals was included in the calculation and the R-matrix "box" boundary was set at 3.09 a.u. For the expansion of the (N + 1) − e collision complex wavefunction we combined in all possible fashions one scattering electron having spin s = 1/2 and l = 0, . . . , 16 with the LS coupling target terms listed above. In such a way we obtained a total of 121 intermediate states specified in Table 2 . The calculation was performed with a very fine energy mesh of 1.59375 10 −3 Ry in the closed channel region (2.55 to 5.5 Ry), in order to delineate the resonance structure of the collision strength below the highest excitation threshold. In the open channel region (5.5 to 100 Ry), on the contrary, a much coarser energy mesh was chosen, namely 0.5 Ry between 5.5 Ry and 20 Ry, 1 Ry between 20 Ry and 50 Ry, and 5 Ry between 50 Ry and 100 Ry. This proved to be sufficient to describe the variation of the collision strengths as a function of energy.
Top-up in l
A top-up procedure to account for the missing partial wave contributions to Ω coming from l > 16 was necessary in the open channel region in order to provide final reliable results. The application of geometric series properties to the partial collision strengths, discussed in BMS, proved to be inappropriate to the case of strong electric dipole transitions. For these transitions we estimated the contributions from partial waves with l = 17 → ∞ with the Coulomb-Bethe (CBe) approximation (van Regemorter 1960; Burgess et al. 1970) . The CBe method implies the "long range" approximation, where only the long range potential of the target is effective in the interaction with the scattering electron. As stated in van Regemorter (1960) the "long range" approximation is only valid for sufficiently high values of l, i.e. "distant" encounters between the target and the colliding electron. Burgess & Tully (1978) define "distant" as those partial waves with
where z is the ion net charge, r 0 the radius of the spherical region containing the target charge distribution and k 2 the scattering electron energy in Ry. This formula gives a convenient criterion to estimate the lowest "safe" partial wave contribution to the total collision strength which can be computed with the CBe technique, given a specific target model and an energy range where collision strengths are required. Our choice of l > 16 for the CBe partial wave contributions satisfied Eq. (2) and the convergence of R-matrix and Coulomb-Bethe results for the strongest electric dipole transitions is shown in Table 3 . The convergence of the two methods at E = 100 Ry, for l = 16, is in all cases better than 1%. After topping-up the Rmatrix collision strengths with the CBe contributions for l > 16, great care has been taken in checking the correct convergence to the high energy Bethe limits of the topped-up reduced collision strengths, Ω r , as a function of reduced energy, E r , as defined by Burgess & Tully (1992) . 
Top-up in energy
The assumption of constant Ω at E > 100 Ry in integrating the collision strengths over a Maxwellian distribution of electron energies, well justified in BMS for the forbidden transitions, is not appropriate to the strong electric dipole transitions we are treating here. In fact Burgess & Tully (1992) classify these transitions as type 1 and give a high energy limiting behaviour of the kind
deduced from the Bethe approximation. By using the scaling rules in Eqs. (5) and (6) of Burgess & Tully (1992) and Eq. (7) of Burgess & Tully (1978) , it can be shown that, in the limit of high E, Ω r is a linear function of E r . We therefore scaled our collision strengths as suggested in Burgess & Tully (1992) for type 1 transitions and performed linear interpolation of Ω r between Ω r (100 Ry) and Ω r (∞), given by the Bethe limit 4 ω i f ij /E ij , where ω i is the statistical weight of the initial level, f ij the oscillator strength and E ij the excitation energy of the transition i → j. By applying the inverse transformation to these interpolated values we obtained a set of Ω values between 100 Ry and 9900 Ry, with an energy mesh of 100 Ry, which takes proper account of the logarithmic increase of Ω with E. The integration of the extended set of collision strengths is discussed in the following section.
Results
Topped-up final collision strengths Ω (i → j) for all electric dipole fine-structure transitions between the ground 3s 2 3p 3 and the first excited 3s 3p 4 configurations are compared with previous calculations in Table 4 
where E j is the colliding electron kinetic energy after excitation, have been obtained by integrating the collision strengths using the linear interpolation technique described in Burgess & Tully (1992) . The extended set of original plus interpolated Ω (i → j) values was used in the integration process and it was assumed Ω (9900 Ry < E < ∞) = Ω (9900 Ry). The exponential factor in Eq. (4) drops off rapidly with increasing energy so that the contribution to Υ (i → j) coming from the energy region E min < E < ∞, where Ω is taken constant, decreases rapidly with increasing E min . For example, for T e = 10 7 K, this contribution was as high as 25% for E min = 100 Ry, for most electric dipole transitions we studied, dropping down to a typical 10 −65 % (!) when the extended set of Ω's is integrated (E min = 9900 Ry). Effective collision strengths for all electric dipole 3s 2 3p 3 →3s 3p 4 fine-structure transitions are given in Tables 6 and 7 for two different temperature ranges. Similar data are presented in Tables 8 and 9 for all electric dipole 3s 2 3p 3 →3s 2 3p 2 3d fine-structure transitions.
Comparison with previous calculations

3s
2 3p 3 − 3s 3p 4 transitions
Previous calculations of collision strengths for the 3s 2 3p 3 → 3s 3p 4 electric dipole transitions in Fe xii by F77 and TH88 are available for a detailed comparison with the present results. F77 adopted a distorted wave approach coupled with a limited target model including 4 configurations (3s 2 3p 3 , 3s 3p 4 , 3s 2 3p 2 3d and 3p 5 ), and computed collision strengths at only one value of energy (6.6 Ry). Due to the approximation used in the scattering process and to limitations in computational resources, resonance effects and the variation of Ω with E could not be explored. In Table 4 we compare the two sets of data by choosing a cut-off of ± 50% of the present results. Values in F77 which do not agree within 50% with our collision strengths have been denoted with the superscript a . Out of 35 transitions, 6 (17%) do not satisfy the ± 50% criterion and have not been included in the analysis. It should be noted that of these 6 transitions only 1 has Ω > 0.1 in our calculation. For the remaining 29 transitions we find an average difference of 15% from our results. TH88 adopted a more comprehensive target representation, also including correlation orbitals, and used the more sophisticated R-matrix approach in their scattering calculation. Details of their computation have been extensively discussed in relation to ours in BMS. We compare the two sets of collision strengths in Table 4 at the lowest (6.6 Ry) and highest (30 Ry) energies for which they tabulate values. At 6.6 Ry 10 transitions (29%) do not satisfy the ± 50% criterion and we find an average difference of 18% from our data for the remaining values. It is important to note that all the Ω's excluded are < 0.1 in our computation. At 30 Ry we find an average difference of 16% from our data, after exclusion of 9 transitions (26%), of which only 1 has Ω > 0.1 in our set. A comparison over the entire energy range tabulated by TH88 reveals that the two sets of Ω's have the same trend as a function of E.
We stress the point that all the collision strength values which show the most severe disagreement between the different sets of calculations, up to more than an order of magnitude in some cases, are "weak" transitions, i.e. transitions with Ω ≤ 0.1. For these transitions the strong mixing of levels and consequent cancellation effects in the matrix elements, which depend on the particular choice of the target model, are more likely to introduce big discrepancies in the collision strengths, as shown by the above analysis. This shows once more the importance of a proper choice of target representation in a scattering calculation, i.e. one in which full account is taken of interaction effects between configurations of a parity complex.
As is the case for the forbidden transitions within the 3s 2 3p 3 ground configuration (Tayal et al. 1987) , a large discontinuity between the Ω values at 4 Ry and at 6.6 Ry is evident in TH88 electric dipole collision strengths. As discussed in BMS, this is likely to be due to residual pseudoresonance effects in the open channel energy region and, because of this, it should not be surprising that our collision strengths at 6.6 Ry agree marginally better with F77, despite the more sophisticated approach adopted in the present work and by TH88.
The problems introduced by these non-physical pseudo-resonances in the open channel energy region and by the extra resonances below the highest excitation threshold, brought in by orbitals of correlation type, show up even more drastically in the effective collision strengths. A comparison between our results , tabulated in Table 6 , and TH88 can be made in the T e range 4 10 5 K − 3 10 6 K. The two sets of effective collision strengths have the same trend as a function of T e , with the noticeable exception of the 6 transitions marked by the superscript b in Table 6 . For these transitions our Υ's increase with T e , whereas Υ's in TH88 fall off with T e , which is surprising considering that these are all optically allowed transitions and, most importantly, that for both sets of calculations the corresponding Ω's increase with E above 6.6 Ry. The large drop in Ω between 4 Ry and 6.6 Ry, mentioned above, almost certainly accounts for this unusual behaviour resulting from the integration of the collision strengths over a Maxwellian function. Further support for this hypothesis is offered by the 3s 2 3p Table 6 ), which in TH88 shows a drop of almost a factor of 2 in the collision strength between 4 Ry and 6.6 Ry (their Table 2 ). This is clearly reflected in the drop of the effective collision strength at the lowest three temperatures tabulated in their Table 3 . Starting from T e = 10 6 K onwards the expected increase of Υ with T e is otherwise correctly reproduced. If we make a numerical comparison of the two sets of data, we find that 69% (at 4 10 5 K) and 40% (at 3 10 6 K) of transitions differ by more than 50%, as shown by a superscript a in Table 6 . We also note that 
for all such transitions Υ(present work) < Υ(TH88). This, along with the fact that significantly more transitions have been rejected at the lower T e , where resonance effects are more likely to contribute in the integration, forces us to believe once more that the reason for the large Υ values in TH88 lies in pseudo-resonance contributions due to the use of correlation orbitals in the target description.
2 3p 3 − 3s 2 3p 2 3d transitions
The only set of 3s 2 3p 3 → 3s 2 3p 2 3d electric dipole collision strengths available for comparison with the present work is by F77. Given the limitations of that computation, discussed above, we believe that our much more comprehensive target representation, proper inclusion and treatment of resonances and the provision of collisional data over a wide energy range represent the major new component of the present results. Out of 97 transitions 42 have not been included in the analysis, 16 (marked with b in Table 5 ) because of presumed identification problems to be discussed later and 26 (marked with a in Table 5 ) as not satisfying the ± 50% criterion introduced above. For the remaining transitions we get an average difference of 16.5% between the two sets of data. We point out that of these 26 transitions marked with a , 11 have Ω > 0.1, 5 have Ω > 0.3 and only 2 have Ω > 1. Again, this clearly shows that the most severe errors, from a factor of 2 up to more than an order of magnitude, occur for low collision strength values, i.e. weak transitions where cancellation effects due to the particular target expansion are more likely to affect the final results. The transitions marked by b in Table 5 deserve a separate discussion as we have evidence of label misassignment for the upper levels of these transitions in F77. The most striking case is for the two levels ( 3 P) 2 F 5/2 and ( 3 P) 2 D 5/2 . By comparing the collision strength values for Table 5 it is evident that the relative strengths of these two transitions are reversed in the two calculations. By reassigning in F77 the higher collision strength to the former transition and the lower one to the latter we get a significant improvement in agreement from more than 2 orders of magnitude down to 25% and 81% (still a big difference, but this is a low Ω value, < 0.1!), respectively. Similarly for
transitions by interchanging the collision strengths in F77 the difference between the two sets of data drops from more than 2 orders of magnitude down to 29% and 31% respectively. The other suspected case of mislabelling is that of levels ( 1 D) 2 P 1/2 and ( 1 D) 2 S 1/2 . The stronger transition in our computation is the
By reassigning the high Ω to the former transition in F77, the difference decreases from more than a factor of 4 down to 17%. Similarly, by interchanging the Ω's for the
2 S 1/2 transitions in F77, we get a difference of 27.5% for the stronger 2 P o 3/2 − ( 1 D) 2 P 1/2 transition, against a difference of more than a factor of 2 shown in Table 5 . In F77 it is clearly stated that, due to the neglect of excited configurations of the 1 2 2 8 3 5 even parity complex, the wavefunctions of some of the 3s 2 3p 2 3d excited states might be substantially wrong in that work. The strong mixing of the levels mentioned above depends critically on the target basis expansion and we propose that the mislabelling affecting the F77 data might be due to his use of an incomplete target basis set.
One last point of discussion concerns the assignment of observed energy values in F77. In that work experimental energies are derived from transition wavelengths given in Fawcett (1971) Table 1 we would get proper agreement with our results and with the updated observed energies by Corliss & Sugar (1982) .
Discussion and conclusions
New electron collisional data for 3s 2 3p 3 − 3s 3p 4 and 3s 2 3p 3 − 3s 2 3p 2 3d electric dipole transitions in Fe xii have been presented in this paper and compared with previous available computations.
A comparison with the calculations by F77 and TH88 is possible for the 3s 2 3p 3 − 3s 3p 4 transitions. Despite the use of the same R-matrix approach for the scattering problem in TH88 and in the present work, we get marginally better agreement with the data obtained by F77 in a distorted wave approximation. This is probably due to the inclusion of orbitals of correlation type in the target wavefunctions adopted by TH88. It is pointed out that the most serious discrepancies between the different data sets occur at small collision strength values, where cancellation effects due to the particular choice of target representation are likely to play a bigger role. This shows the importance of using a comprehensive target expansion in the electron scattering computation.
The only set of 3s 2 3p 3 − 3s 2 3p 2 3d electric dipole collisional data previously published is that of F77. As stressed in Sect. 3 our results benefit from a greatly improved target representation, a more sophisticated scattering technique, proper inclusion of resonance effects and provision of data over a wide range of electron energies and temperatures. A careful comparison between the two data sets has made possible the identification of some problems in the F77 data, such as mislabellings and observed energies misassignments. These are thoroughly discussed in Sect. 3.2.
In summary, the data presented in this paper represent a significant improvement over previous computations. These data, together with those reported in BMS, should provide a valuable tool for future astrophysical and plasma diagnostic work involving the Fe xii ion.
